Silver-Russell syndrome (SRS) is a rare, well-recognized disorder characterized by growth restriction, including intrauterine and postnatal growth. Most SRS cases are caused by hypomethylation of the paternal imprinting center 1 (IC1) in chromosome 11p15.5 and maternal uniparental disomy in chromosome 7 (UPD7). Here, we report on a Chinese family with a 4 year old male proband presenting with low birth weight, growth retardation, short stature, a narrow chin, delayed bone age, and speech delays, as a result of a rare molecular etiology. Whole-exome sequencing was conducted, and a novel de novo IGF2 splicing variant, NM_000612.4: c.157+5G > A, was identified on the paternal allele. In vitro functional analysis by RT-PCR and Sanger sequencing revealed that the variant leads to an aberrant RNA transcript lacking exon 2. Our results further confirm the IGF2 variant mediates SRS and expand the pathogenic variant and phenotypic spectrum of IGF2-mediated SRS. The results indicate that, beyond DNA methylation and UPD7 and CDKN1C variant tests, IGF2 gene screening should also be considered for SRS molecular diagnoses.
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Keywords: IGF2, de novo, splicing variant, Silver-Russell syndrome, whole-exome-sequencing BACKGROUND Silver-Russell syndrome (SRS) (MIM number: 180860) is a rare disorder characterized by intrauterine growth retardation accompanied by postnatal growth deficiency. The clinical features include proportionately short stature, normal head circumference, fifth-finger clinodactyly, typical facial features (triangular faces characterized by broad forehead and narrow chin), and limb-length asymmetry potentially resulting from hemihypotrophy with diminished growth of the affected side (Saal, 1993) .
SRS is considered an etiologically and clinically heterogeneous disease, thus complicating clinical and molecular diagnosis. An SRS scoring system, the Netchine-Harbison Clinical Scoring System (NH-CSS), was developed for the clinical diagnosis of SRS. This scoring system is recognized in an international consensus statement on the diagnosis and management of SRS (Azzi et al., 2015; Wakeling et al., 2017) .
IGF2, located in 11p15.5, encodes a member of the insulin family of polypeptide growth factors, which are involved in development and growth (Cassidy and Charalambous, 2018) . It is an imprinted gene, expressed only from the paternal allele, and epigenetic changes at this locus are associated with several disorders, including Wilms tumors, Beckwith-Wiedemann syndrome, rhabdomyosarcoma, and SRS (Anderson et al., 1999; Md Zin et al., 2011; Azzi et al., 2014) . Previous studies have reported that 30-60% of SRS cases are caused by hypomethylation of the paternal imprinting center 1 (IC1) of chromosome 11p15.5, whereas approximately 10% of cases have maternal uniparental disomy for chromosome 7 (UPD7) (Wakeling et al., 2017) . Examination of rare cases has resulted in the identification of pathogenic CDKN1C variants as part of the SRS etiology (Wakeling et al., 2017) . The molecular etiology of 30-40% of SRS patients with a clinical diagnosis of this condition remains unknown. Recently, a pathogenic IGF2 variant in a multigenerational family with growth restriction and a phenotype similar to that of SRS was identified (Begemann et al., 2015) . Subsequently, five reports revealed SRS-associated IGF2 variants. However, the variants and phenotypic spectrum remain very limited (Liu et al., 2017; Yamoto et al., 2017; Abi Habib et al., 2018; Poulton et al., 2018) .
Here, we report a de novo IGF2 splicing variant occurring on the paternal allele in an SRS patient born small for his gestational age, and presenting with growth retardation, short stature, and facial abnormalities. The newly identified IGF2 variant indicates another molecular etiology for SRS beyond the hypomethylation of IC1, UPD7, and CDKN1C variants, which should be screened in SRS patients with negative regular molecular diagnosis results.
CASE PRESENTATION
The proband is a 4 year old male who is the only child of a Chinese family (Figure 1) . The parents are non-consanguineous and clinically normal. The heights of the father and mother are 178 cm and 163 cm, respectively. No family members or relatives have developmental delay. During pregnancy, oligohydramnios was observed. The proband was born at 40 weeks' gestation with a small placenta, and he was relatively small for his gestational age (weight 1,850 g, <3%; length 42 cm, <3%; head circumference 27 cm, <3%). The patient had mild feeding difficulties: he was under-eating and required Enfamil Enfacare. His height and weight at 24 months were 75 cm (<3%) and 7,500 g (<3%), respectively, and his BMI was 10.5 (<3%). In addition, a prominent forehead, fifth-finger clinodactyly, a triangular face, micrognathia, lowset ears, delayed bone age, low muscle mass, delayed motor, and speech development were identified ( Table 1) . No other obvious abnormalities were found. According to growth restriction, the patient was subjected to GH therapy, which was efficacious; the patient grew 3 cm after 16 GH injections administered over the course of 114 days.
According to the NH-CSS, the patient was diagnosed with SRS. Because the patient was born small for his gestational age and did not show body asymmetry, we initially speculated that there might be a genetic, rather than an epigenetic, defect causing the patient's phenotype. Peripheral blood samples from the family members and a healthy control member were collected. The family members and the healthy control member provided written informed consent to participate in the study. This study was approved by the ethics committee of Shengjing Hospital of China Medical University. The patient's samples were subjected to next generation sequencingbased copy number variation assays, and WES trio testing was performed according to our rare disorder diagnosis process.
WHOLE-EXOME SEQUENCING
Low depth whole genome sequencing based on next generation sequencing (NGS) and analysis of copy number variant was performed in the family. TMAP software (Version 4.6), Picard software (Version 2.18.17), and the analytic method of LOWESS regression and circular binary segmentation were used to analyze copy number variant. Only a single maternal 0.41Mb duplication (17q11.2: 28920000-29330000) was found. Only RNF135 within this interval has been previously associated with abnormal phenotype, including overgrowth, mild learning disability, strabismus, dysmorphism, and advanced bone age (Douglas et al., 2007) . This variant alone could not explain the phenotype of the patient. Subsequently, whole-exome sequencing (WES) of the patient-parent trio was conducted (Figure 1 II-1,  I-1, I-2) . WES of the family members yielded more than 14.1 Gb of data at 92× the average depth with an overall coverage FIGURE 1 | Pedigree and de novo IGF2 variant identified in the family. The proband (II-1) was the only patient in the family and carried a de novo IGF2 variant. The parents of the patient were wild type. 
IN VITRO FUNCTIONAL ANALYSIS
To confirm the function of the newly identified variant, we conducted in vitro functional analysis with RT-PCR and Sanger sequencing. Total mRNA of the proband and a healthy control was extracted from blood, and cDNA was synthesized from the total mRNA by performing reverse transcription with a modified oligo(dT) primer. PCR was conducted with a pair of primers binding exons 1 and 3 (Figure 2A) . The wild type mRNA produced the expected PCR product of 700 bp. However, the mRNA of the proband yielded a shorter electrophoretic band of 600 bp, indicating a truncated mRNA (Figure 2B) . Sanger sequencing of the RT-PCR products from the healthy control and the patient indicated that the NM_000612.4: c.157+5G > A variant led to the skipping of exon 2 in the IGF2 gene (Figure 2C) . This exon skipping resulted in a loss of the coding sequence for exon 2 and, more importantly, the loss of the AUG initiation codon.
DISCUSSION
The estimated incidence of SRS is 1:30,000 to 1:100,000. Nevertheless, the incidence may be underestimated because of limitations in molecular diagnosis techniques (Wakeling et al., 2017) . The major molecular etiology of SRS is based on loss of methylation on chromosome 11p15 and maternal uniparental disomy of chromosome 7, which account for 30-60% and 5-10% of molecular diagnoses in SRS patients, respectively (Wakeling et al., 2017) . The molecular etiology of the remaining undiagnosed patients warrants further investigation. A maternal CDKN1C gain-of-function variant has been reported as a rare cause of SRS (Eggermann et al., 2014) . Recently, five reports have identified IGF2 loss-of-function variants as new contributors to the molecular etiology of SRS, on the basis of studies including individuals of German, Japanese, Chinese, and Australian Aboriginal descent ( Table 1 ) (Begemann et al., 2015; Liu et al., 2017; Yamoto et al., 2017; Abi Habib et al., 2018; Poulton et al., 2018) . In our SRS patient from China, we found a novel IGF2 splicing variant, NM_000612.4: c.157+5G > A, which is located on the paternal allele. According to in vitro functional analysis by RT-PCR, the variant results in skipping of exon 2, which contains the IGF2 initiation codon. The variant is absent from control databases including gnomAD (http://gnomad. broadinstitute.org/), ExAC (http://exac.broadinstitute.org/), and the 1000 Genomes project (http://www.internationalgenome.org/). According to the ACMG guidelines, the NM_000612.4: c.157+5G > A variant is described as PVS1 (initiation codon or single or multiexon deletion), PS2 (de novo), and PM2 (absent from controls), and therefore is classified as pathogenic (Richards et al., 2015) . The SNP rs3213225 (NM_000612.4:c.157+61C > T) was located in the deep intron region, with a relatively high minor allele frequency (0.449) in 1,000 genomes. The SNP is in cis with the the c.157+5G > A de novo mutation, and 56 nt away from it. We consider that rs3213225 has no obvious effects on splicing, and it is very unlikely to be related to phenotype in this case. While it is very unlikely that the common cis polymorphism rs3213225 has any impact on the splicing defect caused by the de novo mutation, we cannot positively exclude that possibility. The six previously identified variants include missense, frameshift, stop-gain, and splicing variants ( Table 1) . No major variation pattern appears to exist for IGF2. SRS, first described by Silver et al. and Russell (Silver et al., 1953; Russell, 1954) , is mainly characterized by small size for gestational age, postnatal short stature, body asymmetry, relative macrocephaly, a prominent forehead, and feeding difficulties. A patient with more than four of the major characteristic features would be clinically diagnosed with SRS (Azzi et al., 2015) . Other phenotypic characteristics often observed in SRS patients include a downturned mouth, clinodactyly of the fifth finger, shoulder dimples, syndactyly of the 2/3 toes, low muscle mass, a prominent heel, autism, and diagnosed cognitive disabilities (Wakeling et al., 2017) . However, the phenotypes of IGF2 gene variants associated with SRS may be different. On the basis on the cases linked to IGF2 variants (Table 1) , we conclude that most of these patients do not have body asymmetry (nine in ten patients), a major classification condition according to the NH-CSS for SRS clinical diagnosis. This difference may be a primary condition for diagnosis of SRS caused by epigenetic changes or the presence of an IGF2 variant. This finding, as well as the case summary, may be useful for the molecular diagnosis of SRS.
In addition, low muscle mass (one in ten patients) was observed in our patient. This finding has not previously been reported in patients with SRS caused by IGF2 variant ( Table 1) . Hypoplastic placenta (two in ten patients), oligohydramnios (two in ten patients), bone age delay (four in ten patients), low intelligence (two in ten patients), and speech delay (three in ten patients) were uncommon phenotypes in patients with SRS ( Table 1) . Apart from small size for gestational age, postnatal short stature, body symmetry, relative macrocephaly, it can be concluded that low muscle mass, as described in this report, in addition to the previously described phenotypes, are the second characteristics of SRS caused by IGF2 variants.
A different variant reported in an Australian Aboriginal family, NM_000612.5:c.157+3A > C, also causes skipping of exon 2 (Poulton et al., 2018) . Despite the same in vitro functional results, the phenotypes of the two patients were not fully consistent. Hypoplastic placenta, oligohydramnios, low muscle mass, bone age delay, and speech delay were observed in only our patient. Shoulder dimples, heart defects, posterior periventricular white matter loss, and periventricular leukomalacia were found only in the Australian Aboriginal patient. These results indicate the clinical heterogeneity of the IGF2 variant causing SRS. In addition, the phenotypes of SRS caused by IGF2 variants may differ according to ethnicity. This viewpoint has previously been described by Poulton et al.(Poulton et al., 2018) . To date, all nine patients treated with growth hormone (GH) presented positive effects (Table 1) , thus indicating that this therapy is an effective treatment for IGF2-associated SRS.
To date, four patients from a multigenerational family and five patients with de novo IGF2 gene variants have been reported in only five reports worldwide (Begemann et al., 2015; Liu et al., 2017; Yamoto et al., 2017; Abi Habib et al., 2018; Poulton et al., 2018) . Herein, we present the second reported case of SRS caused by an IGF2 splicing variant, in a Chinese individual, and identified a novel pathogenic IGF2 splicing variant. We suggest that an IGF2 gene variant should be considered in the molecular diagnosis process, especially when body asymmetry is not observed in the clinical diagnosis of an SRS patient. In addition, we identified low muscle mass in the patient, a previously unreported phenotype, thus expanding the phenotypic spectrum of IGF2-associated SRS. In a comparison in two different ethnic groups yielding the same molecular result of skipping of exon 2, we observed several different phenotypes. These findings indicate the heterogeneity and ethnic differences of SRS caused by IGF2 variants. However, owing to the limited number of reported cases, further investigation is necessary to verify the phenotypic spectrum, typical characteristics, and clinical therapy in IGF2variant-associated SRS. Collectively, we hope that our findings will facilitate the clinical and molecular diagnosis of SRS.
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